Didemnins and tamandarins are closely related marine natural products with potent inhibitory effects on protein synthesis and cell viability. On the basis of available biochemical and structural evidence and results from molecular dynamics simulations, a model is proposed that accounts for the strong and selective binding of these compounds to human elongation factor eEF1A in the presence of GTP. We suggest that the p-methoxyphenyl ring of these cyclic depsipeptides is inserted into the same pocket in eEF1A that normally lodges either the 3′ terminal adenine of aminoacylated tRNA, as inferred from two prokaryotic EF-Tu‚GTP‚tRNA complexes, or the aromatic side chain of Phe/Tyr-163 from the nucleotide exchange factor eEF1BR, as observed in several X-ray crystal structures of a yeast eEF1A:eEF1BR complex. This pocket, which has a strong hydrophobic character, is formed by two protruding loops on the surface of eEF1A domain 2. Further stabilization of the bound depsipeptide is brought about by additional crucial interactions involving eEF1A domain 1 in such a way that the molecule fits snugly at the interface between these two domains. In the GDP-bound form of eEF1A, this binding site exists only as two separate halves, which accounts for the much greater affinity of didemnins for the GTP-bound form of this elongation factor. This binding mode is entirely different from those seen in the complexes of the homologous prokaryotic EF-Tu with kirromycin-type antibiotics or the cyclic thiazolyl peptide antibiotic GE2270A. Interestingly, the set of interactions used by didemnins to bind to eEF1A is also distinct from that used by eEF1BR or eEF1B , thus establishing a competition for binding to a common site that goes beyond simple molecular mimicry. The model presented here is consistent with both available biochemical evidence and known structure-activity relationships for these two classes of natural compounds and synthetic analogues and provides fertile ground for future research.
Introduction
Didemnins and tamandarins ( Figure 1 ) are representatives of a class of cyclic depsipeptides, produced by different ascidians of the family Didemnidae, that are endowed with potent inhibitory effects on viral proliferation, immune response, and tumor cell growth. Several excellent reviews have recently covered the discovery, isolation, structure elucidation, synthesis, conformational studies, and structure-activity relationships (SAR) of these interesting molecules that are being used as probes of cell biology. 1, 2 Of all the congeners synthesized to date, didemnin B (DB) is probably the best characterized at both the biochemical and cellular levels and will be used here as the prototype of the group. DB has been described as a very rapid apoptosis inducer, 3 and its potent inhibitory effects on protein biosynthesis and cell death were early reported not to be reversed after leaving the cells in contact with this compound for 2 h. 4 The sensitivity of cells to DB increases as they progress into the G1 and S phases and is the least during mitosis. 5 Nevertheless, since it kills cells in all phases of the cell cycle, DB is not considered a phase-specific cytotoxic agent.
When a streptavidin-agarose column preincubated with N-biotinylbis( -aminocaproyl)didemnin A (DA) was used to purify putative cellular targets for DB, the major retained protein from a bovine brain lysate was the 49 kDa guanine nucleotide-binding eukaryotic elongation factor eEF1A (formerly called EF-1R). 6 A different affinity column made of aminocaproic acid-tethered DA directly coupled to Affi-Gel-10 was later used for the same purpose, but the majority of eEF1A (isoelectric point of 8.9-9.5) was previously removed from the lysate by using cation exchange chromatography at pH 7.1. In this experiment, binding of residual eEF1A to the column was still evident, but in addition, the lysosomal protein palmitoyl thioesterase 1 (PPT-1) was identified as a secondary binding partner for DB. 7 Binding of DA and DB to PPT-1, however, was shown to depend on the presence of substrate palmitoyl-CoA, and DB-mediated inhibition of this enzyme was characterized as being uncompetitive, which questions its possible in vivo relevance for the antiproliferative effects of DB. 8 Interestingly, binding of DB to eEF1A was also shown to require the presence of GTP 6, 7 even though DB did not block the GTPase activity associated with domain 1 of this G-protein. 6 Consistent with its affinity for eEF1A, DB has been shown to be a potent inhibitor of eukaryotic protein biosynthesis at the elongation stage. 9 In most eukaryotes, two distinct GTP-dependent elongation factors (eEF1 and eEF2) are required for translation. 10 eEF1 is a pentamer (initially termed R 2 γδ, as first described in the brine shrimp Artemia salina 11 and each subunit now respectively called eEF1A, eEF1BR, eEF1Bγ, and eEF1B ) that mediates the binding of the cognate aminoacylated tRNA (aatRNA) to the A-site of the ribosome and its subsequent release (Figure 2 ), whereas eEF2 is a monomer and catalyzes the translocation of peptidyl-tRNA from the A-site to the P-site. The four subunits have different functions: eEF1A is activated upon GTP binding and forms a ternary complex with aa-tRNA; eEF1BR and eEF1B catalyze GDP/GTP exchange on eEF1A‚GDP to allow regeneration of eEF1A‚GTP; eEF1Bγ binds specifically to membranes and tubulins 12 and has recently been shown to have glutathione S-transferase activity. 13 In good accord with this subunit composition in the eEF1 assembly and the known affinity of didemnins for eEF1A, the stoichiometry of DB binding to ribosomes has been calculated to be approximately 2:1. 14 In addition, binding of DB to ribosome‚eEF1A complexes has been reported to be considerably stronger than to eEF1A‚GTP in solution. 14 The structure of eEF1A comprises three domains: domain 1 (residues 1-243) contains the GTP/GDPbinding site and has the typical fold for nucleotidebinding proteins with a central -sheet surrounded by R-helices (A, A*, A′, B, C*, C, D, and F), whereas domain 2 (residues 244-333) and domain 3 (residues 334-441) are six-stranded -barrels (numbered a2-f2 and a3-f3, respectively). In common with other GTPases, the GTP/GDP-binding site in domain 1 is formed by five loops (G1-G5) connecting the secondary structure elements. Of the amino acids in the loops that are conserved in this superfamily, a threonine residue is invariably present at the connection between the first R-helix (helix A) and the second -strand ( -strand b) of this nucleotide-binding domain. Since the side chain oxygen of this threonine is coordinated to the Mg 2+ ion in the GTP-bound conformation but not in the GDP form, this region has been termed "the effector region" or "switch 1".
In comparison with other small GTPases, eEF1A is a G-protein with a low intrinsic GTP hydrolysis rate that is nevertheless greatly stimulated on the ribosome when the cognate codon-anticodon interaction between mRNA and aa-tRNA takes place. 10 In this situation, GDP has to be released without compromising the ability of GTP to bind to the same site. This is accomplished with the aid of eEF1BR or eEF1B , both of which behave as nucleotide exchange factors (GEF) catalyzing the exchange of eEF1A-bound GDP for GTP (Figure 2) . Translocation of the peptidyl tRNA from the A-site to the P-site is then facilitated by eEF2‚GTP, which shares with eEF1A‚tRNA the same binding site on the ribosome so that binding of these two translation elongation factors is mutually exclusive.
Since it is this eEF2-dependent translocation that is inhibited by DB (in a strictly eEF1A-dependent fashion), it was suggested that DB might act by stabilizing aatRNA bound to the ribosomal A-site. 9 This rather unusual mechanism would then be similar to that of the antibiotic kirromycin, which is known to bind to prokaryotic EF1A (previously termed EF-Tu), 15 even though DB, unlike this antibiotic, does not prevent peptide bond formation. Subsequent experimental results led to the suggestion that eEF2 binding could be prevented by inhibiting eEF1A release from the ribosomal A-site, and two alternative scenarios were then envisaged: 14 (i) direct competition of the DB‚eEF1A complex with eEF2 for the same binding site on the 27) showing the role of eEF1A and eEF1B (red arrows) in translation elongation. Binding of GTP to eEF1A activates this elongation factor through a conformational change and triggers recruitment of aa-tRNA. The resulting ternary complex then binds to the A-site of the ribosome, thereby forming the quaternary complex depicted at the bottom. Following correct codonanticodon interaction, GTP is hydrolyzed to GDP, and the resulting inactive eEF1A‚GDP complex becomes a target for binding of eEF1B, which then ensures GDP release, thus allowing the reactivation of eEF1A through passive binding of GTP. The translocation of peptidyl-tRNA from the A-site to the P-site is catalyzed by eEF2.
ribosome; (ii) formation of a ribosome‚eEF1A‚DB complex that would get locked in a conformation that disfavors eEF2 binding, as proposed for ricin. Both of these mechanisms would be consistent with the observation that DB inhibition of translocation can be attenuated by increasing concentrations of eEF2. 9 Thus, although the absolute requirement for eEF1A in DB's action has been conclusively demonstrated, no structural details have been unveiled that could shed light on the way eEF2 binding to pretranslocative ribosome‚ eEF1A complexes is blocked by this natural product.
Fortunately, available structural information has revealed details about the conformational changes 16, 17 undergone by prokaryotic EF1A when it alternates between its active (GTP-bound) 18, 19 and inactive (GDPbound) 20 forms and also about the way EF1A can be recognized by both aa-tRNA 21, 22 and the GEF domain of EF1B. In addition, the structures of prokaryotic (formerly termed EF-G) 23 and eukaryotic EF2 24 have also been elucidated, revealing an overall shape similarity ("macromolecular mimicry") 25 between EF2‚GDP and EF1A‚GTP‚tRNA.
Although the basic structures of eEF1A and EF1A have been shown to be very similar 26 and the solution structure of the GEF domain of human eEF1BR has revealed a striking resemblance to that of EF1B (usually referred to as EF-Ts) from Escherichia coli, 27 recognition of eEF1A by eEF1BR is very different from that observed in the prokaryotic EF1A:EF1B (i.e., EF-Tu:EFTs) complex 28 and displays a highly unique feature: one loop of eEF1BR interacts with domain 2 of eEF1A in the region that is involved in the binding of the CCAaminoacyl end of tRNA. 21, 22 This has been observed in the crystal structure of the complex between eEF1A from Saccharomyces cerevisiae and a C-terminal catalytic fragment of eEF1BR 26 and also in the presence of GDP, GDP and Mg 2+ , and GDPNP (a nonhydrolyzable analogue of GTP). 29 Interestingly, the conformation that this loop adopts in the crystal structures of these complexes is significantly different from that reported for the equivalent loop in human eEF1BR previously determined in solution by NMR spectroscopy, 27 which implies mutual adaptation upon complex formation.
When domain 2 of eEF1A in its complex with eEF1BR is superimposed onto the same region of the GTP-bound form of its bacterial counterpart in complex with PhetRNA Phe , 21 the terminal adenine base of tRNA and the aromatic side chain of Phe163 from yeast eEF1BR are found occupying identical positions ( Figure 3) . 10, 29 In this location, between -strands 258-264 (235-244) and 283-291 (263-271) (where given, numbers in parentheses denote the corresponding residue in Thermus EF1A), the side chain of the conserved Glu291(271) stacks on one side of these planar systems whereas the other side sits on the hydrophobic platform made up by the side chain of the conserved Val260(237). When we realized the similarity in shape between the tip of the yeast eEF1BR hairpin containing Phe163 and the -turn from which the side chain of N,O-dimethyltyrosine extends out of the main body of DB (Figure 4) , we wondered whether the pocket present on the surface of Figure 3 . Overlay of domain 2 of Thermus aquaticus EF1A ( -sheets in yellow; turns in pink) in its complex (PDB code 1TTT) with GDPNP and Phe-tRNA Phe (C atoms in gray), and domain 2 of yeast eEF1A ( -sheets in green; turns in cyan) in its complex (PDB code 1IJF) with eEF1BR (C atoms in orange). Ninety-five CR atoms from each structure were chosen for a least-squares superposition. Note that the 3′ terminal adenine base of tRNA in the former complex and the aromatic side chain of Phe163 in the latter occupy virtually identical positions. Figure 4 . Side-by-side comparison of (a) the tertiary structures of the 2-3 loop of eEF1BR containing Phe163 and (b) the X-ray crystal structure of DB. 34 For comparison purposes, the sequences of the yeast eEF1BR (black) and human eEF1BR and eEF1BR (red) hairpins are shown. domain 2 of eEF1A could provide a docking site to this DB's protrusion. Since we were interested in the human protein in its active state, for which no experimental structure is available, we used homology modeling starting from yeast eEF1A followed by steered molecular dynamics (MD) to drive the conformation of domain 1 of eEF1BR-bound eEF1A into the GTP-bound form for which DB has the strongest affinity. DB was then docked into eEF1A‚GTP at the domain 1/2 interface, and finally, the dynamic behavior of the resulting ternary complex was simulated using unrestrained MD.
A working structural model that accounts for DB's potent effects on protein synthesis should explain the differences in affinity between EF1A and eEF1A, the GTP dependence of DB binding to eEF1A, and the molecular basis for preventing binding of eEF2 to the ribosome. The model presented here fulfills all of these requirements and additionally helps to rationalize the SAR for didemnins and related tamandarins, including the increase in bioactivity effected by the modification of DA to DB.
Results
Structural Model of Human eEF1A in the GTPBound Conformation. Although the structures of rabbit liver eEF1A‚GDP and its complex with tRNA have been analyzed in solution by neutron scattering and microcalorimetric methods, 30 no structure of mammalian eEF1A at the atomic level of detail is currently available. Nevertheless, the highly homologous eEF1A from Saccharomyces cerevisiae ( Figure 5 ) has been cocrystallized with a C-terminal catalytic fragment of eEF1BR, which allows its comparison with both GDP and GTP forms of prokaryotic EF1A and provides a starting structure for modeling the human eEF1A. . Sequence alignment of human eEF1A isoforms 1 (EF11_HUMAN) and 2 (EF12_HUMAN), Artemia salina eEF1A (EF1A_ARTSA), Saccharomyces cerevisiae eEF1A (EF1A_YEAST, product of genes TEF1 and TEF2), Schizosaccharomyces pombe eEF1A isoforms 1 (EF11_SCHPO) and 2 (EF12_SCHPO), human mitochondrial EF1A (EFTU_HUMAN), Thermus aquaticus EF1A (EFTU_THEAQ), and Thermus thermophilus EF1A (EFTU_THETH). The protein sequences were obtained from Swiss-Prot (http:// us.expasy.org/sprot/), and the alignment was produced with the T-Coffee software (http://igs-server.cnrs-mrs.fr/Tcoffee/). 80 Asterisks, colons, and dots designate, respectively, identical or conserved residues in all aligned sequences, conserved substitutions, and semiconserved substitutions. For reference, the strictly conserved threonine involved in coordinating the Mg 2+ ion and the glutamic acid that stacks onto the terminal adenine of tRNA or Phe163/Tyr162 of eEF1BR (Thr72/72 and Glu291/293, respectively, in human and yeast eEF1A) are shown in bold.
The prokaryotic EF1A‚GDP and EF1A‚GTP structures show major conformational changes in the effector region. In the former, the C-terminal part of this region is a -hairpin, whereas in the latter it forms an R-helix. 31 This means that upon GTP binding, Thr62, which is exposed to the solvent in the GDP form (reference distances from OG1 of this residue to magnesium ion are 18.4 and 16.9 Å in EF1A‚GDP and eEF1A‚GDP: eEF1BR complexes, respectively), gets involved in the coordination of the Mg 2+ ion by means of its hydroxyl oxygen because the conserved sequence 60-GITI-63 ( Figure 5 ) comes close to both the phosphate-binding loop (P-loop) and helix B. Another consequence of exchanging GDP with GTP is that the conserved Ile61 gets close to Val20 in the P-loop in such a way that both residues form a "hydrophobic gate" that could be important for GTP hydrolysis. 32 On the other hand, in both GDP and GTP forms of EF1A, residues Thr65-His67 belong to the second -strand of domain 1 ( -strand b), whereas in yeast eEF1A the equivalent positions, Ile75-Leu77 ( Figure  5 ), belong to the 70-GITIDIAL-77 loop which is held bound to eEF1BR by hydrogen bonds. As a result, -strand b is somewhat shorter as it starts at Trp78, six residues downstream Thr72 in the effector region. In eEF1A, this region is quite different from the equivalent region in EF1A because it comprises two R-helices, A* (Asp35-Gly50) and A′ (Lys55-Arg69), and the Gly70-Leu77 loop, which contains the conserved threonine Thr72 ( Figure 5 ). 19 As regards helix B in the switch 2 region, it extends from Asp97 to Gly105 in the eEF1A:eEF1BR complex, which means that its location is shifted midway from those found either in the GDP form (His85 to Thr94) or in the GTP form (Ile89 to Ala96) of EF1A.
Given these distinctive characteristics, in our modeling of human eEF1A‚GTP from yeast eEF1A:eEF1BR, it was necessary not only to replace nonidentical amino acids but also to force the initial GDP-bound conformation to reflect the known structural features that have been observed in EF1A‚GTP complexes (see Methodology and Table 1 ). Upon application of the steered MD protocol, domain 1 of human eEF1A conserves the overall topology described for domain 1 of yeast eEF1A but additionally displays the following novel conformational features:
(i) A new hydrophobic cavity lined by Thr38 (from R-helix A*), Leu63 (from R-helix A′), and Trp78 (from -strand b) is created having a "lid" made up of Asp35 and Arg37 (from R-helix A*).
(ii) -sheet b is extended relative to the initial structure because it now starts at Ser76, and the loop containing Thr72 is shortened. This 70-GITID-75 loop is maintained close to helix B and the P-loop by a number of hydrophobic and polar contacts similar to those observed in the EF1A‚GTP complex. Ile73 (helix B) stacks on Phe98 (loop) (equivalent residues in EF1A are Ile63 and Tyr88), the amino group of Asn101 (helix B) donates a hydrogen bond to the carbonyl oxygen of Ile73 (loop), and the hydrophobic gate described above for the GTP form of EF1A is formed by Val16 (P-loop) and Ile71 (effector region).
(iii) The Mg 2+ ion coordination sphere is identical with that seen in EF1A‚GTP; i.e., it is made up of the hydroxyl oxygen of Thr21 from the P-loop, phosphate oxygens O2γ and O2 from GTP, the hydroxyl oxygen of Thr72 from the effector region, and the oxygens from two water molecules (Table 2) .
Molecular Dynamics of the Human eEF1A‚GTP‚ Mg 2+ Complex. The resulting model of human eEF1A was simulated using unrestrained MD. After the equilibration period, the progression of the root-mean-square deviations (rmsd) of the coordinates of the CR atoms with respect to the initial structure showed a notably stable behavior reflecting that the overall architecture of the protein was preserved for the whole length of the simulation ( Figure 6 ). The relatively small rmsd calculated for the complex with respect to the average structure (below 1.0 Å) and the absence of drifting to higher rmsd values were indicative of adequate sampling during the data collection period and suggested that the simulation was long enough to capture the internal dynamics of the eEF1A‚GTP‚Mg 2+ complex. Furthermore, the target inter-CR distances that were a For reference, equivalent distances are given for the other complexes mentioned in the text. The distances measured in the EF1A‚GTP‚Mg 2+ complex were chosen as part of the target distances that were used for the sMD simulation. b Average distance ( standard deviation. used during the steered part of the MD simulation (Table 1) were also maintained in the absence of external restraints. The Mg 2+ ion remained firmly coordinated to four (Thr21, O2γ, O2 , and one water molecule) of the six ligands, whereas the distance between Mg 2+ and the other water molecule fluctuated between 2.0 and 3.0 Å. Interestingly, the hydroxyl oxygen of Thr72 was kept at even longer distances (Table 2 ). This loss of full coordination of the magnesium ion could be related in part to the inability of this conformation to effect the hydrolysis of GTP in the absence of the ribosome.
The spatial relationships among the three domains were also maintained during the unrestrained MD simulation. More importantly, the tight interface established between domains 1 and 2, which is stabilized by a number of hydrogen-bonding interactions and salt bridges involving conserved residues (Table 3) , determined an extension of the cavity originally present in domain 2 that is known to lodge either the terminal adenine of aa-tRNA or an aromatic residue from the GEF eEF1BR. This enlarged pocket was then explored computationally as a putative binding site for DB and formed the basis of our subsequent docking studies as described below.
Structural and Electrostatic Characterization of DB. Both NMR 33 and X-ray diffraction 34 studies have shown a highly asymmetric shape for DB, with the macrocycle resembling a twisted figure "8" (Figure 4 ). The six residues making up the depsipeptide ring structure (isostatine (Ist 1 ), 2-(R-hydroxyisovaleryl) propionate (Hip 2 ), leucine (Leu 3 ), proline (Pro 4 ), N,Odimethyltyrosine (Me 2 Tyr 5 ), and threonine (Thr 6 )) have the L configuration, whereas the linear peptide attached to this latter amino acid contains N-methyl-D-leucine (MeLeu 7 ) and lactylproline (Pro 8 -Lac 9 ). 2, 34 The only transannular hydrogen bond (Ist 1 -NH‚‚‚OdC-Leu 3 ) that has been described in these experimental structures of DB, as well as in the crystal structure of DA 35 and in the solution structure of dehydrodidemnin B (aplidine), 36 is maintained during the MD simulations in water, as is the Leu 3 -NH‚‚‚OdC-MeLeu 7 hydrogen bond that binds the linear chain to the cyclic backbone. In contrast, the hydrogen bond established within the linear part of DB (Thr 6 -NH‚‚‚OdC-Lac 9 ) is overtly disrupted by competing interactions with water molecules (data not shown). This simulated behavior of DB in aqueous solution highlights the rigidity of the conformationally invariant cyclic depsipeptide and the rather flexible nature of the linear peptide.
Folding of the peptide backbone into a cuplike shape results in a disposition of most of the oxygen atoms of DB pointing away from the interior of the cavity. This particular arrangement gives rise to a molecular elec- (Figure 7) . We reasoned that this MEP distribution, together with the hydrophobic effect emanating from the abundant apolar groups present in DB, has to play a major role in the approximation and positioning of the depsipeptide at the target binding site on eEF1A. In fact, the calculated MEP provides a more quantitative description of the previously reported observation that the roughly trigonal array delineated by the Me 2 Tyr 5 side chain, the lactylproline moiety, and the hydroxyl group of the Ist 1 residue 34 was likely to define a pharmacophore for interacting with the receptor. The putative binding site for DB on human eEF1A that we have managed to characterize and is described below for the first time provides structure-based support to this early perspicuousness.
Characterization of the DB Binding Site at the Domain 1/2 Interface of Human eEF1A in the GTPBound Conformation. The pocket described above encompassing the binding site in domain 2 for the terminal adenine of aa-tRNA or the 2-3 hairpin aromatic residue from the GEF eEF1BR extends into the domain 1/2 interface in the GTP conformation of eEF1A. This aromatic residue is Phe163 in yeast but is a tyrosine in both human eEF1BR and eEF1B (formerly EF-1δ) (Figure 8 ). This enlarged cavity was further characterized using the CASTp (http://cast.engr.uic.edu/cast/) 37 and GRID (http:// www.moldiscovery.com/) 38 programs and was tested as a docking site with the automated docking program AutoDock (http://www.scripps.edu/pub/olson-web/doc/ autodock/).
CASTp characterized this interface cavity as the largest one on the protein and calculated values of ∼425 Å 2 and ∼600 Å 3 for its solvent-accessible surface area and volume, respectively. The GRID energy map obtained for the aromatic carbon probe (C1d) highlighted a favorable binding region between the side chains of residues Glu293 and Val262, which form the ceiling and floor, respectively, of the pocket in domain 2 where the aromatic ring of either adenine or Phe163/Tyr162 of eEF1B is known to bind. The hydroxyl probe (O1) predicted favorable interaction sites in the proximity of Asp35 in domain 1 and His296 in domain 2, whereas the sp 3 C probe (C3) highlighted the possibility of van der Waals interactions with the indole ring of Trp78 in -strand b, Leu63 from helix A′, and Thr38 from helix A*, among others.
AutoDock, on the other hand, produced a limited number of solutions that differed only in the orientation of the flexible linear region. The bulk of the molecule was, in all cases, docked at the interface in an orientation that nicely matched the GRID maps: (i) the Me 2 -Tyr 5 residue was located in the hydrophobic cavity present in domain 2, in a position similar to that of Phe163 from the eEF1BR hairpin, that is, in proximity to the side chains of the highly conserved Glu293 and Val262; (ii) the Ist 1 hydroxyl group established favorable interactions with both Asp35 in domain 1 and His296 in domain 2; (iii) the side chain of Hip 2 was placed in the hydrophobic niche created around Trp78, Leu63, and Thr38. The linear peptide attached to Thr 6 , on the other hand, showed the largest variation among docked solutions but was invariably placed projecting out of the cavity into the solvent, in good agreement with the fact that this part of the molecule can be attached to an affinity column and still bind eEF1A. 6, 7 Molecular Dynamics and Energy Analysis of the DB‚eEF1A‚GTP‚Mg 2+ Complex. To assess the feasibility of the proposed binding orientation and to study the mutual adaptation between DB and eEF1A, the DB‚ eEF1A‚GTP‚Mg 2+ complex was refined using energy minimization and its dynamic behavior was simulated using MD; 750 snapshots from the last 1500 ps of the trajectory were then analyzed in terms of intermolecular Figure 8 . Sequence alignment of the C-terminal guanine-nucleotide exchange factor domains of human eEF1BR (EF1B_HUMAN) and eEF1B (EF1D_HUMAN), Schizosaccharomyces pombe eEF1B (EF1B_SCHPO), and Saccharomyces cerevisiae eEF1B (EF1B_YEAST). The protein sequences were obtained from Swiss-Prot (http://us.expasy.org/sprot/), and the alignment was produced with the T-Coffee software. 80 Shown in bold are the residues that make up the highly homologous loop at whose end the side chain of an aromatic residue (Phe in yeast or Tyr in human) is inserted into domain 2 of eEF1A. energy components ( Figure 9 ) and conformational changes with respect to both the unbound form and a calculated average structure ( Figure 10 ). As seen before for the unbound GTP form of eEF1A, the simulation resulted in a stable trajectory and the relationships among domains, together with the respective interactions, were also maintained, lending further support to the proposed model. The most significant difference observed when DB is bound is that the coordination sphere of the magnesium ion is well preserved and now includes both water molecules and the hydroxyl of Thr72. As a result, the effector domain is slightly displaced (Figure 11 ) and the geometry of the binding site for the Mg 2+ ion associated with GTP binding and hydrolysis appears to be optimized when DB is bound relative to the apo form ( Table 2 ).
The energy analysis of the DB‚eEF1A‚GTP‚Mg 2+ complex ( Figure 9 ) reveals a predominance of van der Waals interactions involving (in decreasing order of magnitude) Tyr254, His295, Glu66, Ile256, Glu293, Asp35, Trp78, Leu77, Thr38, Ile259, Val262, Arg37, His296, Asn311, Val264, Leu63, and Ser291. The electrostatic interactions, on the other hand, appear to be dominated by Asp35, followed by Glu66, His295, and Leu77, all of them engaged in specific hydrogen bonds: the carboxylate of Asp35 as an acceptor for the hydroxyl group of Ist 1 , the carboxylate of Glu66 as an acceptor for the hydroxyl group of Lac 9 , the imidazole ND1 nitrogen of His295 as a donor to both the carbonyl and hydroxyl oxygens of Ist 1 (i.e., a "bifurcated" hydrogen bond), and the peptide amide of Leu77 as an acceptor for the carbonyl of Hip 2 . This last interaction, which is comparatively smaller in magnitude, is the only one that would be lost in tamandarin A (Figure 1) as a consequence of the replacement of the 2-(R-hydroxyisovaleryl)propionyl residue at position 2 of DB with R-hydroxyvaleric acid (Hiv 2 ).
Discussion
It is interesting that the interface between domains 1 and 2 of eEF1A appears to have evolved for the purpose of being broken and specifically reformed, depending on the presence of either GDP or GTP, respectively. The two strikingly different conformations that this elongation factor adopts during its catalytic cycle, depending on the nucleotide bound, have been studied more thoroughly with the bacterial homologue EF1A, also known as EF-Tu. 10 EF1A is the target of at least two classes of antibiotics that inhibit protein biosynthesis in prokaryotes: the kirromycin family, represented by aurodox, and the cyclic thiazolyl peptide GE2270A. The structures of the complexes between EF1A and each of these antibiotics have been determined by X-ray diffraction techniques. GE2270A makes essentially van der Waals contacts with three segments of amino acids in domain 2 of EF1A‚GDP, 39 and one region of the antibiotic binds to the same site as the 3′-end of aa-tRNA. Competition for binding to this site accounts for the effects of the antibiotic on translation inhibition. In contrast, aurodox locks EF1A in its GTP form, even if GDP is bound to the nucleotide-binding site, 15 and prevents binding of EF1B, a GEF formerly known as EF-Ts. However, kirromycin fails to induce the GTP-like conformation of eEF1A‚GDP, which explains its inability to inhibit peptide bond formation in the eukaryotic system. 40 eEF1A binds GDP and GTP in a 1:1 stoichiometry with similar affinity (K d ′ ) 2-4 µM) and, unlike EF1A, can sustain the binding of aa-tRNA to the ribosome also in the presence of GDP or in the absence of any nucleotide, though to a lesser degree than with GTP. 40 Although kirromycin enhances the dissociation rate of the eEF1A‚GDP complex, even if not as strongly as eEF1B does, this antibiotic is incapable of increasing the eEF1A‚GDP/GTP exchange rate when aa-tRNA and ribosomes are present.
The binding mode we propose for DB on human eEF1A (Figure 10 ) is entirely different from those observed for either aurodox or GE2270A on prokaryotic EF1A but is reminiscent of the way the loop connecting -strands 2 and 3 of yeast eEF1BR binds to yeast eEF1A. 26 The putative binding site for DB is located at the new interface that is created between domains 1 and 2 in the GTP form of eEF1A. The binding interactions involve both hydrophobic and polar contacts, including a number of highly directional hydrogen bonds. Thus, the Ist 1 hydroxyl group donates a hydrogen bond to Asp35 located in helix A* of domain 1, which can nicely explain why acetylation of this hydroxyl group brings about a decreased inhibition of protein biosynthesis 41 and also the importance of the 3S,4R,5S epimer for this residue. 2 At the same time, the carbonyl oxygen of Ist 1 can accept a hydrogen bond from ND1 of His295, located in the loop between -strands d2 and e2, whereas the methyl that distinguishes DB from nordidemnin B does not participate in the binding, in good accord with the equipotency of these two analogues. 2, 42 The carbonyl oxygen of Hip 2 accepts a hydrogen bond from the backbone amide of Leu77 in -strand b, and the hydrophobic side chain of this same residue is lodged in the cavity formed by the side chains of Trp78, Leu63, and Thr38. It must be emphasized that interaction with these residues is only possible in the GTP conformation in which the conserved GITID loop is close to helix B and the P-loop. If domain 1 of eEF1A, as found in its complex with eEF1BR, is superimposed onto domain 1 of our modeled DB‚eEF1A‚GTP‚Mg 2+ complex, a portion of DB occupies the same spatial region that is occupied by these loop residues in the effector region. The tetrapeptide region of DB (residues 3-6) is primarily in contact with domain 2. The floor and walls of the predominantly hydrophobic pocket in this domain are mostly made up of the side chains of Ile256, Ile259, Val262, and Val264, with the side chain of Glu293 playing the role of a flexible lid. In this cavity, Leu 3 stacks onto Tyr254 (in a similar way to Ile165 of eEF1BR), Pro 4 is in close van der Waals contact with Val264, and the methoxyphenyl moiety of Me 2 -Tyr 5 is inserted between the side chain of Val262 and the methylene group from the side chain of Glu293, establishing additional van der Waals contacts with Ile259 and Ile256. This binding mode satisfactorily accounts for the successful substitution of this dimethylated tyrosine residue with N-Me-L-Leu, N-Me-L-Phe, or a tetrahydroisoquinoline derivative as well as for the loss of activity that is observed when N,O-Me 2 -Tyr is replaced with the much more hydrophilic N-Me-L-Tyr. 2 These findings are in agreement with octanol/water partition coefficient (log P o/w ) values for benzene derivatives, which reveal a decrease in hydrophobicity of -0.67 log units in going from H to OH compared to just -0.02 when a hydrogen is replaced with a methoxy group. 43 They are, however, apparently in contrast with the fact that Phe or Tyr can occupy the same position at the 2-3 hairpin of yeast and human eEF1B (Figure 8) . In this respect, we note that Phe163 does get sandwiched between the side chains of conserved Glu291 and Val260 in domain 2 of yeast eEF1A, with the carboxylate of the former being hydrogen-bonded to the peptide amide nitrogen. 29 The same is true for the terminal 3′ adenosine in aa-tRNA, which engages its sugar hydroxyl in a hydrogen bond with the equivalent Glu271 of Thermus EF1A. 21, 22 Thus, in both these experimental structures, the Glu side chain actually stacks on either the phenyl or the adenine ring (Figure 3) , whereas in our modeled DB‚eEF1A‚GTP‚Mg 2+ complex the carboxylate of Glu293 is pointing away from the p-methoxyphenyl ring of Me 2 -Tyr 5 into the solvent, most likely because of the fact that the equivalent amide nitrogen in DB is methylated. Therefore, we can postulate that the need for a greater hydrophobic character of the Me 2 -Tyr 5 residue in DB arises from the lack of this hydrogen-bonding interaction.
The only residue in this tetrapeptide region that contacts with domain 1 is Thr 6 whose carbonyl oxygen accepts a hydrogen bond from the guanidinium group of Arg37 in helix A*. This electrostatic interaction, however, does not appear to be particularly strong (Figure 9 ), most likely as a result of the positive MEP distribution that surrounds this carbonyl group, as clearly depicted in Figure 7 .
MeLeu 7 , at the junction of the cyclic and linear parts of DB, interacts with both the side chain methyl of Thr38 and the methylene group from the side chain of Glu66. This binding mode can account for the marked reduction in antitumor activity that was observed upon inversion of the chirality of this residue in nordidemnin, 42 despite a claim that both epimers are equipotent as protein synthesis inhibitors. 2 In the linear part, the role of Pro 8 appears to be only structural whereas the hydroxyl group of Lac 9 establishes a hydrogen bond with the carboxylate of Glu66 in domain Figure 11 . CR stereotrace of the GTP form of human eEF1A1 in the absence (black thin lines, with GTP in blue) and in the presence of bound DB (black thick lines, with GTP in orange and DB in green). The magnesium ion in the catalytic site of domain 1 is represented as a cross.
1. This latter interaction implies disruption of the intramolecular hydrogen bond that stabilizes the conventional -II turn described for both DB in the solid state 34 and dehydrodidemnin B in CDCl 3 solution, 36 even though it has been shown to be unnecessary for bioactivity. 2 This model for DB binding to eEF1A strongly suggests that this natural compound stabilizes the interface between domains 1 and 2 of this elongation factor in the GTP conformation when it is bound to the ribosome just after delivery of the aa-tRNA. In doing so, DB competes with eEF1BR, thus blocking the crucial guanine nucleotide exchange. As a result, the eEF1A‚DB complex remains bound to the ribosomal A-site, thereby preventing binding of eEF2 and the subsequent translocation of peptidyl-tRNA from the A-site to the P-site.
Biological Implications. The reported finding that inhibition of protein synthesis by DB in MCF-7 human breast carcinoma cells occurs at concentrations that are about 1 order of magnitude lower than those required for induction of apoptosis via caspase activation has been taken as evidence for a second mechanism of action and/or a second target protein. 44 PPT-1 has apparently failed to fulfill the role of a secondary pharmacological target, 8 and no obvious structural similarity is apparent between this enzyme 45 and eEF1A beyond the common R/ hydrolase fold. For this reason, it might be worth taking into account that, apart from being an essential partner in the mechanism of translational elongation, eEF1 is considered to be an important multifunctional (moonlighting) protein 46 whose levels are positively correlated with the proliferative state of cells. 47 In animals, eEF1 consists of four different subunits (eEF1A, eEF1BR, eEF1B , and eEF1Bγ, formerly collectively termed EF-1R γδ) that make up two functionally distinct parts; eEF1A‚GTP promotes the binding of aatRNA to the A-site of the ribosome under hydrolysis of GTP, whereas the heteromeric complexes eEF1BR‚ eEF1Bγ and eEF1BR‚eEF1Bγ‚eEF1B function by recycling the resulting inactive eEF1A‚GDP intermediate back to the active GTP-bound form by stimulating guanine nucleotide exchange on eEF1A (Figure 2) . The highly homologous eEF1BR and eEF1B (Figure 8 ) display the same degree of exchange activity 48 but differ with respect to the mode and strength of their interaction with eEF1Bγ.
Among the cellular processes in which eEF1A has been shown to be involved are translational control, cytoskeletal organization, signal transduction, oncogenic transformation, apoptosis, and nuclear processes such as RNA synthesis and mitosis (see refs 49 and 50 for recent reviews). Examples of proteins not directly related to elongation that are known to interact with eEF1A are filamentous actin (F-actin) 51 and the zinc finger protein ZPR1, which is associated with eEF1A and translocated to the nucleus upon treatment of quiescent mammalian cells with mitogens or epidermal growth factor. 52 On the other hand, rapid posttranscriptionally mediated up-regulation of eEF1A has been demonstrated following oxidative stress-induced apoptosis (e.g., upon treatment with hydrogen peroxide). 53 Remarkably, apoptosis induced by dehydrodidemnin has been shown to involve generation of oxidative stress, which can be largely prevented by the glutathione peroxidase mimetic ebselen, 54 and the very weak apoptotic response that is evoked in human normal peripheral blood lymphocytes by this agent (100 nM for 24 h) has been shown to be greatly enhanced in leukemic cells or mitogen-stimulated T-lymphocytes. 55 Since overexpression of eEF1A results in selective resistance to apoptosis induced by growth factor withdrawal and endoplasmic reticulum stress, but not from nuclear damage or death receptor signaling, 56 a global pivotal role of eEF1A levels in the modulation of apoptosis rate has been suggested. 57 On the other hand, eEF1A has been shown to be overexpressed in metastatic rat mammary adenocarcinoma, 58 and the prostate tumor inducing gene-1 (PTI-1), which is found in human carcinoma cell lines derived from the prostate, lung, breast, and colon, has been shown to encode amino acid residues 65-462 of eEF1A. 50, 59 Oncogenic properties have also been attributed to the gene encoding elongation factor eEF1A2, 60 a second isoform (>92% homology) of eEF1A (hereafter termed eEF1A1) that has been found to be amplified in 25% of primary ovarian tumors and to be highly expressed in approximately 30% of ovarian tumors and established cell lines. 61 Another eEF1A isoform has also been identified as the main nuclear protein in human T-lymphoblastic CCRF-CEM cells that specifically recognizes GT oligomers to form a cytotoxicity-related complex that shows a dose-dependent cytotoxic effect on a variety of human cancer cell lines but not on normal human lymphocytes. 62 This ability of both eEF1A1 and eEF1A2 to form complexes with so many different proteins, which might be explained by the partially unstructured conformation that has been detected in solution for eEF1A, 30 reveals a more complex role for these eEF1 subunits beyond protein biosynthesis. In fact, the multicomponent eEF1 system appears to behave as a sophisticated regulatory factor rather than as a mere "housekeeping" element of the cell, and its activity appears to be coordinated with cell replication. Since many current therapeutic strategies against cancer are directed at DNA or specific protein targets such as enzymes or membrane receptors, the involvement of translational processes and factors in the control of cell proliferation, signal transduction, tumorigenesis, and apoptosis indicates that components of the protein synthesis machinery can be additional targets for anticancer drug design. 63 In this regard, we believe that the actions of didemnins and related agents on these other processes merit further investigation and are consistent with the suggestion that eEF1A may be an appropriate target for novel antitumor or antimetastatic agents. 14 
Conclusions
Inhibition of protein synthesis by DB is known to occur at the elongation stage and to display an absolute requirement for eEF1A, an abundant elongation factor to which it has been shown to bind in a GTP-dependent fashion. The present molecular model helps to rationalize these experimental findings by providing a structural basis for the binding of didemnins and tamandarins to eEF1A and by unraveling some intricacies of this interaction in atomic detail. On the basis of our simulation results, we propose that the binding site for DB exists only as two separate halves in the GDP-bound form of eEF1A, which accounts for the much greater affinity of DB for the GTP conformation. We show how DB can make use of the extended interface that is formed in the GTP-bound form to stabilize this conformation in a way that does not disrupt GTP hydrolysis. In fact, the eEF1A conformation found in the complex with DB is shown to be fully catalytically competent, unlike the conformation of free eEF1A‚GTP, because of a ligand-induced shift of the effector region.
The importance attached to the p-methoxyphenyl group of Me 2 Tyr 5 of DB as a potential pharmacophoric element, based on the fact that it extends out of the main body of the molecule, 2 has been realized, and the putative hydrophobic nature of the protein pocket where it binds has been confirmed. This pocket, as part of a larger interdomain cavity, is normally used to lodge either the 3′ terminal adenine of aa-tRNA or a crucial aromatic residue from a hairpin of the GEF eEF1BR, a second elongation factor that is needed for guanine nucleotide exchange upon GTP hydrolysis. Since binding of either eEF1BR or DB is mutually exclusive, we propose that the rationale behind the potent inhibitory effects on protein synthesis of DB comes as a result of competition with this nucleotide exchange factor.
Taking into account the experimental evidence, DB binding to eEF1A would take place following delivery of aa-tRNA to the ribosome. The resulting DB‚eEF1A complex would get stuck at the A-site of the ribosome because binding of the GEF eEF1BR would be precluded because of occupancy of part of the required site by DB. Stabilization of this complex at the A-site, in turn, would prevent displacement of eEF1A by eEF2 causing translational arrest. 14 The knowledge gained from this molecular modeling exercise can be applied to elongation factors from other species and, possibly, to other protein-protein interfaces, 64 the stabilization of which might be a goal in the search for novel drugs. We hope that a better understanding of the mechanism of action of DB and related compounds will be beneficial for appropriate use of some of these agents as antiproliferative drugs in a clinical setting. In this regard, the toxicological profile of DB proved to be unfavorable for continuing development, 2 but its close analogue dehydrodidemnin (Aplidin) is presently being evaluated in several phase II clinical trials. The rationale for the unique profile of this potent antitumor agent will be reported elsewhere.
Methodology
Construction and Refinement of Human eEF1A in the GTP-Bound Conformation. The crystal structure of eEF1A in complex with a C-terminal catalytic fragment of eEF1BR at 1.67 Å resolution (PDB 65 code: 1f60) was used to model the human eEF1A‚GTP‚Mg 2+ complex. Yeast and human eEF1A ( Figure 5 ) differ in 80 out of the 440 amino acids that are visible in the electron density map (48 in domain 1, 14 in domain 2, and 18 in domain 3), but none of these are involved in key domain-domain interactions or in binding GTP or the eEF1BR 2-3 hairpin. The side chains of nonequivalent residues were replaced in yeast eEF1A with those from its human counterpart using the built-in library of conformers within Insight II. 66 For each "mutated" residue, the rotamer producing the lowest steric clash was chosen. GTP‚Mg 2+ ‚(H2O)2 was placed in the nucleotide-binding site in a conformation identical with that found for GDPNP in the X-ray crystal structure of its complex with EF1A (PDB code: 1eft). 18 This starting model was refined using the second-generation AMBER force field 67 and 2000 steps of steepest descent energy minimization while all CR atoms were restrained to their initial coordinates. This procedure allowed readjustment of covalent bonds and van der Waals contacts without changing the overall conformation of the protein. However, it must be borne in mind that in the GTP conformation domain 1 has to provide additional ligands to stabilize the γ-phosphate and the active site water that will be used as a nucleophile to attack it in the hydrolysis reaction.
To drive the catalytic domain into the "true" GTP conformation, helix B and the preceding loop in the refined starting model (residues 90-109) were manually reoriented to make them adopt the position that they occupy in all known GTP forms of prokaryotic EF1A. Domain 1 was then truncated at residue 238 to immerse the resulting system in a rectangular solvent box extending 8 Å away from any protein atom (∼9000 TIP3P water molecules) 68 for simulating the aqueous environment. Periodic boundary conditions were applied and electrostatic interactions were represented using the smooth particle mesh Ewald method 69 with a grid spacing of ∼1 Å. The coupling constants for the temperature and the pressure baths were 1.0 and 0.2 ps, respectively. Use of the SHAKE algorithm 70 for all bonds involving hydrogens allowed an integration step of 2 fs to be used. The cutoff distance for the nonbonded interactions was 9 Å. The simulation protocol for relaxing this system was essentially as described, 71 involving a series of progressive energy minimizations followed by 200 ps of unrestrained molecular dynamics at 300 K and 1 atm using the SANDER module in AMBER 6.0 (http:// amber.scripps.edu/). 72 The ensuing steered MD (sMD) procedure consisted of pairwise forcing the distances between CR atoms of residues 77-90, 76 per run) during five consecutive runs of 20 ps each. The incremental use of this term, as previously reported for other systems, 73, 74 tends to avoid biasing the trajectory by overcoming artifactual energy barriers that could deprive the simulation of any physical sense. This same methodology was applied thereafter to the distance between the hydroxyl oxygen of Thr72 and Mg 2+ ion until coordination was effectively accomplished and then to the distance separating the CR atoms of Val16 and Ile71 until it reproduced the value observed between equivalent residues in EF1A (Val20-Ile61). Once the desired distances were attained, the whole system was relaxed for 200 ps in the absence of any restraints even though positional constraints (5 kcal mol -1 Å -2 ) were used for the CR atoms of helix B to compensate for the absence of domains 2 and 3.
Upon completion of the refinement of GTP-bound domain 1, the GTP form of EF1A was used as a template to build a suitable spatial relationship between the three domains of human eEF1A. Since domains 2 and 3 of yeast eEF1A superimpose perfectly well onto equivalent domains of Thermus EF1A in both GDP and GTP forms and since the residues making up the interface between domains 1 and 2 are highly conserved in both prokaryotic and eukaryotic EF1A, we reasoned it would be safe to assume that the relative orientation of the three domains in the GTP forms of eEF1A and EF1A would be the same. For this reason, a refined average structure of domain 1 from the last 200 ps of the previous sMD simulation was best fitted onto domain 1 of EF1A‚GDPNP 18 and the same was done with domains 2 and 3, taking special care that all crucial interdomain hydrogen-bonding interactions and salt bridges involving conserved residues were maintained. The resulting model was energy-minimized as above.
Model Building and Electrostatic Characterization of DB. The X-ray crystal structure of DB 34 was used in the construction of the initial model. Electrostatic potential-derived charges for the nonstandard residues in DB, as well as for GTP‚Mg 2+ , were obtained with the RESP methodology 75 using a 6-31G* basis set as implemented in the Gaussian 98 program. 76 Finite difference solutions to the linearized PoissonBoltzmann equation, as implemented in the DelPhi module of Insight II, were used to calculate MEPs and electrostatic free energies. For MEP calculations on DB and the putative eEF1A binding site, cubic grids with a resolution of 1.0 Å were centered on the molecular systems considered following removal of the explicit water molecules, and the charges were distributed onto the grid points. AMBER charges and radii were used. Solvent-accessible surfaces, calculated with a spherical probe with a radius of 1.4 Å, defined the solute boundaries, and a minimum separation of 10 Å was left between any solute atom and the borders of the box. The potentials at the grid points delimiting the box were calculated analytically by treating each charge atom as a Debye-Hü ckel sphere. The interior of both the protein and the ligand was considered a low-dielectric medium ( ) 4), whereas the surrounding solvent was treated as a high-dielectric medium ( ) 80) with an ionic strength of 0.145 M.
Characterization of the Putative Binding Site for DB and Docking Studies. Programs GRID and AutoDock were used in a complementary fashion for docking purposes. For the GRID calculations, a 30 Å × 30 Å × 25 Å lattice of points spaced at 0.5 Å was established at the interface between domains 1 and 2 in order to search for binding sites complementary to the functional groups present in DB. Thus, possible interactions between the putative binding pocket and aromatic carbon (C1d), aliphatic carbon (C3), and hydroxyl oxygen (O1) probes were calculated. The dielectric constants chosen were 4.0 for the macromolecule and 80.0 for the bulk water. The resulting grids were contoured at appropriate energy levels (in kcal mol -1 : C1d, -2.5; C3, -2.5; OH, -7.0) and graphically displayed. The geometries of the CCA 3′-end of aa-tRNA and the eEF1BR hairpin, as found in their crystal complexes with EF1A and eEF1A, respectively (PDB entries 1ttt and 1ijf), were used as positive controls of program performance.
The Lamarckian genetic algorithm 77 implemented in AutoDock 3.0 was used to generate docked conformations of DB within the putative binding site at the interface between domains 1 and 2 by randomly changing the overall orientation of the molecule as well as the torsion angles of the linear peptide region. Default settings were used except for number of runs, population size, and maximum number of energy evaluations, which were fixed at 100, 100, and 250 000, respectively. Rapid intra-and intermolecular energy evaluation of each configuration was achieved by having the receptor's atomic affinity potentials for carbon, oxygen, and hydrogen atoms precalculated in a three-dimensional grid with a spacing of 0.375 Å.
Molecular Dynamics of the Ternary Complexes eEF1A‚ GTP‚Mg 2+ and DB‚eEF1A‚GTP‚Mg 2+ . The eEF1A‚GTP‚ Mg 2+ and DB‚eEF1A‚GTP‚Mg 2+ complexes were solvated by adding a spherical shell of ∼3000 TIP3P water molecules centered at CG1 of Leu77. The radius of this water shell was 35 Å to ensure the solvation of the interdomain cleft in both complexes. These water molecules were first energy-minimized, and then both waters and all protein residues were allowed to relax. In each case, 1000 steps of steepest descent were followed by 2000 steps of conjugate gradient energy minimization. The final coordinate sets were used as input for the subsequent MD simulations. SHAKE was used for all bonds, and the integration time step was 2 fs. Only the water molecules were free to move for the first 100 ps. For the remaining 2000 ps the whole system was allowed to relax. The list of nonbonded pairs was updated every 25 steps, and coordinates were saved every 2 ps for further analysis.
Analysis of the Molecular Dynamics Trajectories.
Three-dimensional structures and trajectories were visually inspected using the computer graphics program InsightII. Root-mean-square (rms) deviations from both the initial structures and the average structures, interatomic distances, and snapshot geometries were obtained using the CARNAL module in AMBER. Intermolecular van der Waals energies for individual residues were calculated with the ANAL module, whereas the solvent-corrected residue-based electrostatic interaction energies were calculated with DelPhi, following the procedure described in detail elsewhere. 78 
